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Abstract: Recent developments in quantum computing and the growing interest in optomechanics and quantum optics
need platforms that enable rapid prototyping and scalability. This can be fulfilled by on-chip integration, as we present
here. The different nanofabrication steps are explained, and our automated measurement setup is discussed. We present
an opto-electromechanical device, the H-resonator, which enables optomechanical experiments such as electrostatic
springs and nonlinearities and thermomechanical squeezing. Moreover, it also functions as an optomechanical phase
shifter, an essential element for our integrated quantum optics efforts. Besides this, the equivalent of a beam splitter in
photonics-the directional coupler-is shown. Its coupling ratio can be reliably controlled, as we show with experimental
data. Several directional couplers combined can realize the CNOT operation with almost ideal fidelity.
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1. Introduction
Quantum science is rapidly making the step towards quantum technology. One of its goals is to develop quantum
computers that outperform classical ones [1, 2]. One of many approaches is to use photons as qubits and linear
optical components as operations [3, 4]. This approach is often referred to as linear optical quantum computing
(LOQC)[4, 5] . A major challenge is that all optical components need to be aligned, which becomes more and
more complex with an increasing size of the experiments. Our approach [6, 7] is to use integrated photonic
circuits. Here, many components can be realized on a single chip without the need of aligning every individual
one. Scaling thus becomes a matter of nanofabrication. Besides integrated quantum optics, we apply the same
approach to optomechanics. First, it is discussed how the photonic chips are fabricated and measured. In
the second part, this is illustrated with the opto-electromechanical “H-resonator” [8]. Thirdly, we focus on
the photonic circuitry for the integrated quantum optics experiments, in particular on directional couplers and
CNOT operations. As an outlook, we discuss the integration of sources and detectors on the same chip. This
shows that our approach provides a promising platform for quantum experiments.
2. Device fabrication and setup
Typically, we study large sets of optical components on a chip with varying parameters, e.g. optomechanical
devices or building blocks for LOQC. Figure 1(a) shows a small subset of the 108 devices on that chip.
Calibration devices, as shown e.g., in the top 3 rows, are also included. For reproducibly measuring many
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devices, the highly automated setup in Figure 1(b) is used. There, the polarization of light from a fiber-coupled
sweep laser is adjusted by a fiber polarization controller. An x-y stage positions the chip underneath an array
of fibers. One of these illuminates a grating coupler, which are used to couple light into and out of the devices
(Figure 1(a), inset) [9]. Other fibers lead to photodetectors. An automated routine locates the devices and
optimizes the position for maximal optical transmission.
A histogram for 100 different optimizations of the transmitted power is shown in Figure 1(c). The
small ( < 0.3% ) spread indicates the reproducibility of the measurement process. For the devices, high-stress
silicon nitride (SiN) is used, which combines low losses in the infrared with excellent mechanical properties
[6, 10]. Figure 2(a) shows the starting point of the nanofabrication. The SiO2 serves as a cladding layer for the
waveguides. In the first step (Figure 2(b)) gold markers and electrodes are made by evaporation and lift-off. The
markers are essential for the alignment of further lithography steps. In the second step (Figure 2(c)), patterns
are etched into the SiN by reactive ion etching. Depending on the etch depth, (i) waveguides are formed, or (ii)
mechanical structures are prepared. The latter are released using buffered hydrofluoric acid (BHF), resulting
in the final structure in Figure 2(d).

Figure 1. (a) Micrograph of a chip with directional coupler devices. The inset shows a scanning electron micrograph
(SEM) of a grating coupler. (b) Schematic of the measurement setup with a sweep laser ( 1480 to 1640 nm ), fiber
polarization controller (FPC), motorized x-y stage, and data-acquisition system (DAQ) to measure the photodetectors.
(c) Histogram of the detected power for 100 optimizations of the chip position underneath the fiber array.

Figure 2. Nanofabrication steps for optomechanical devices. (a) Starting wafer. (b) Deposition of metallic markers and
electrodes. (c) Reactive ion etching of SiN in 2 separate steps: (i) Patterning of the photonic circuits with ∼ 20 nm SiN
remaining. (ii) Definition of the mechanical structures by etching all the way into the silicon oxide. (d) The latter are
released by immersing the entire chip in BHF, followed by critical point drying.

3. Phase shifter and optomechanics
Optomechanics is a rapidly developing field where mechanical resonators are studied using the most sensitive
detection method: light [11–13]. Optomechanical resonators can range from km-long gravitational wave de240
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tectors to nanometer-sized devices [14]. Our H-resonator is another example. Its broad application ranges
from optical phase shifting in LOQC (Section. 4) [8] to optomechanics experiments. The resonator shown in
Figure 3(a,b) consists of a central block tethered by 4 arms, forming an H-shape. A voltage is applied between a fixed electrode and one on the H displaces the structure in plane, changing the distance to an adjacent
waveguide dopt . The photons in the waveguide see this change in the dielectric environment. This changes the
effective refractive index neﬀ (Figure 3(c)) and thus the phase ϕ = 2πneﬀ L/λ0 that a photon acquires after
propagating a distance L. Here λ0 ∼ 1550 nm is the free-space wavelength. Figure 3(d) shows the measured
optical phase shift vs. the applied voltage V . Its parabolic shape originates from the electrostatic force, which
is ∝ V 2 . Importantly, the block of the H-resonator contains a photonic crystal to prevent photons leaking from
the waveguide. Furthermore, the electrodes are placed far away from the waveguide to minimize absorption.
A big advantage of the H-resonator over other phase shifters, e.g., the widely-used thermo-optic devices,
is its much lower dissipation. This enables operation at the cryogenic temperatures required for superconducting
detectors. Our optomechanical phase shifter operates for a large wavelength range, only limited by the
bandwidth of the waveguide, and works from single photons to much higher powers; only at Watts of optical
power, gradient forces would influence the mechanical phase shifting [8]. For the first generation of devices,
phase shifts larger than 90° were obtained [8]. This can be improved by e.g., changing the actuation from pulling
to pushing, or by cascading multiple devices.
Besides static operation, one can also study the dynamic performance of the H-resonator. Figure 3(e)
shows its measured frequency response; the device can be operated up to a few MHz. The peaks are the
mechanical modes shown in the insets. In air, their quality factor Q lies around 10 . For phase shifting a flatter
response may be desirable, but for optomechanics reduced dissipation is wanted. This can be done by placing
the chip in vacuum. Below 10−2 mBar , Qs up to 200, 000 are possible, as shown in Figure 3(f), enabling
state-of-the-art optomechanics experiments.
Next, we discuss the electrostatic interactions in the H-resonator. These are large enough to strongly
tune its resonance frequency as shown in Figure 4(a). The resonance frequency is shifted by more than 25 %
by making use of the so-called electrostatic spring effect [15]. Besides the electrostatic tuning of its frequency,
also the nonlinear response of the resonator can be controlled electrically. Purely mechanical systems typically
become stiffer when driven to large amplitudes. In contrast, the driven responses in Figure 4(b) show a bending
of the resonance to the left with increasing driving powers. In this case, the nonlinearity of the device is no
longer mechanical, but electrostatic in nature.
Optomechanics is capable of resolving much smaller displacements than the amplitudes of 10s of nm in
Figure 4(b). With a typical sensitivity of 20 fm/Hz1/2 , the thermal motion ( ∼ 18 pm ) of our devices can not
only be resolved with a good signal-to-noise ratio, but also manipulated; squeezing is a powerful technique where
the uncertainty in one quadrature is reduced at the expense of the other. This is typically done by pumping the
resonator at twice its resonance frequency [16]. First, we will discuss how the thermal motion of the H-resonator
was squeezed and how feedback is essential for this, followed by a short discussion on how this could be extended
to true quantum squeezing. The thermal motion was measured via an on-chip Mach-Zehnder interferometer
and demodulated using a lockin amplifier. From this, the probability density function (PDF) of its motion
in phase space and the variances (width of the PDF) are determined [17]. As illustrated in Figure 5(a), the
variances of the X- and Y-quadrature change; they are proportional to γ/(γ ± χ), respectively, where γ is the
original damping rate and χ is proportional to VP , the 2f parametric pump amplitude. Thus, as the ellipsoidal
241
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Figure 3. (a) Sketch of an H-resonator. A voltage between the electrodes actuates the resonator, changing its distance
to the waveguide. (b) Colorized SEM of the central part of an H-resonator. (c) Dependence of neﬀ on dopt simulated
using a finite-elements method. The inset shows the optical mode. (d) Phase shift vs. the voltage. (e) Frequency
response of the phase shifter. The peaks correspond to its eigenmodes (insets, calculated using finite-elements). (f)
Pressure dependence of the Q of the fundamental in-plane flexural mode. The dashed line shows the linear dependence
of Q in the transition from high to low pressures.

Figure 4. (a) Driven response of an H-resonator vs. the applied voltage. Strong tuning of the resonance frequency due
to the electrostatic spring effect is visible. (b) Response for different driving powers, showing electrostatic weakening.

PDF in the inset shows, 2f pumping leads to squeezing in X and amplification in Y. When χ becomes equal to
γ , the damping in Y vanishes, resulting a divergence of the fluctuations. This sets the so-called 3 dB limit for
parametric squeezing [16].
A way to overcome this is to stabilize the Y quadrature with feedback [17, 18]. Without feedback
gain (g = 0 ) the squeezing is limited to 3 dB (Figure 5(b)), but when feeding the measured Y signal back
242
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with g = 10 , VP can be increased further. However, the achieved squeezing does not exceed the reduction
in Y without pumping. Still, this combined technique does not underlie any fundamental limit and 15 dB
was achieved at g = 100 [17]. So far, these measurements were done at room temperature. By applying
this technique to GHz resonators cooled down to mK temperatures, the quantum zero-point motion can be
squeezed, leading to true squeezed states. It is also possible to do nonlinear (the feedback on Y is linear)
feedback via the phase. This can be used to generate non-Gaussian states [19]. These are few examples of the
possibilities of integrated optomechanics.

Figure 5. (a) Normalized variance of the X- and Y-quadratures over the pump power VP . The inset shows the squeezed
PDFs at VP = 2.47 mVrms . (b) Parametric pumping combined with feedback. When using the pump only (X: dark blue;
Y: brown), the squeezing of the X-quadrature is limited by the 3 dB squeezing limit. When pumping and Y-feedback are
combined (X: blue; Y: red) X is squeezed further. At a gain of 100 V/V (X: light blue; Y: light red) 15 dB of squeezing
was achieved, widely surpassing both the squeezing and feedback cooling limits.

4. Linear optical quantum computing
A second topic where the power of photonic circuits is becoming more and more apparent, is integrated quantum
optics. In this case, the experiments that used to be done on huge optical tables filled with carefully aligned
optical components are now performed on chips. This enables the development of large-scale quantum optics
circuits, such as needed for e.g., quantum computing. Quantum computing requires qubits to store quantum
information, and a set of single- and multi-qubit operations [1]. In our approach-integrated LOQC - the qubit
is naturally represented by a single photon in 1 of 2 separate waveguides. In this so-called dual-rail encoding
[1, 4] operations are implemented in photonic circuits. One often-used single-qubit operation is the phase shift.
By combining it with beam splitters, also the important 2-qubit operation controlled-not (CNOT), where a
control qubit determines the operation on a target qubit, can be realized [20]. Thus, any unitary quantum
operation can be implemented with just 2 components [1, 4]. Phase shifting can naturally be performed by
our H-resonator (Section 3), which also allows programming the quantum computer via the applied voltage.
The equivalent of a beam splitter in photonics is the directional coupler (DC). There, 2 waveguides are brought
close to one another so that their modes evanescently couple. The length of that interaction, Lint determines
the amount of light that crosses over. A device to characterize this (Figure 6(a)) consists of 4 grating couplers
243
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(GCs), waveguides, and the DC. Light enters via the second GC. With a Y-splitter [21] half of the light is
split to the reference GC (left). The other half goes to the DC (top-right). Measuring the power at the 2
right GCs, which are connected to the outputs of the DC - in combination with calibration devices - gives the
coupling ratio C , the normalized amount of light that crosses over to the other waveguide. Figure 6(b) shows
the measured C of devices with different Lint , as shown in Figure 6(b). The fit [22] allows finding Lint for a
desired coupling ratio [6]. As shown in Figure 6(d), the CNOT operation requires C = 1/2 and 2/3. These
values are indicated in Figure 6(b). Intersections with the fit (arrows) yield the required Lint for the desired
coupling ratios for λ0 = 1550 nm . In Figure 6(c) their wavelength dependence is shown. Future work is to
reduce this dispersion. A CNOT flips the target qubit depending on the state of the control qubit using DCs
arranged as in Figure 6(d). It relies on interference between the different paths. In particular, if the control
qubit is in the |0⟩c state, it interferes with the target qubit at the 2/3 DC and prevents the flip of the target
qubit. For |1⟩c this does not happen and the combined effect of the two 1/2 DCs is a flip of the target qubit.
However, the photons might end up in a wrong waveguide; these events must be excluded by postselection.
This makes LOQC intrinsically probabilistic; the probability of success of this CNOT is 1/9 [20]. Still, when
the experiment is postselected, it should, of course, give the correct outcome [23, 24]. The performance of our
CNOT circuit is shown in Figure 6(e). Comparing it to an ideal CNOT (dotted) shows a good agreement,
and a fidelity of 99.81% is extracted [6]. These measurements were still done with transmission measurements.
However, for the quantum computing applications that we envision, much more complex photonic circuits will
be used. These then will require more advanced characterization methods [7].

Figure 6. (a) Micrograph of a device to measure a single DC. (b) Measured coupling ratios vs. Lint and the sin2 fit
(solid line). The dashed lines indicate C = 1/2 (green) and 2/3 (orange), respectively. (c) Dispersion of C calculated
using fits as in panel (b) for Lint = 3.8 (green) and 6.4 µm (orange). (d) Schematic of a CNOT circuit consisting of 5
DCs. The 2 waveguides highlighted in green represent the control qubit, whereas the ones in gray are the target qubit.
With the parameters extracted from (b), a new chip with CNOT devices is made and measured. (e) The measured
transmissions (bars) are very close to those for an ideal CNOT gate (dotted).
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5. Outlook
To further improve the efficiency of our experiments, we are currently working on the integration of single-photon
sources and detectors into the experiments on a single chip. The former can be done with spontaneous parametric
down-conversion in AlN [25].

A promising alternative is the photo-luminescence from 2d materials [26].

Integrated superconducting nanowires will enable single-photon detection with almost unity quantum efficiency
[27, 28]. These experiments will be performed at cryogenic temperatures, where also the optomechanical
squeezing experiments will be continued.
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